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7KH FRPELQHG PDNHWRVWRFN DQG PDNHWRRUGHU 076072 VXSSO\ FKDLQ LV ZHOOUHFRJQL]HG LQ WKH
VHPLFRQGXFWRU LQGXVWU\ LQ RUGHU WR ILQG D FRPSHWLWLYH EDODQFH EHWZHHQ DJLOLW\ LQFOXGLQJ FXVWRPHU























EDODQFH EHWZHHQ DJLOLW\ FXVWRPHU UHVSRQVLYHQHVV DQG 05, FRVW HIILFLHQF\ WKH FRPELQDWLRQ RI
PDNHWRVWRFNDQGPDNHWRRUGHU 076072DOVRFDOOHG WKHK\EULGSXVKSXOO VWUDWHJ\KDVEHHQ
FRQVLGHUHGLQWKHVHPLFRQGXFWRULQGXVWU\/HHHWDO+XU%DUGDQG&KDFRQ$K\EULG
076072DSSURDFKUHIHUVWRWKHVXSSO\FKDLQVWUDWHJ\RISRVWSRQLQJWKHFXVWRPL]DWLRQRISURGXFWV
DW GLIIHUHQW OHYHOV XQWLO WKH DFWXDO FXVWRPHU RUGHUV DUH UHFHLYHG .LP HW DO  7KH ERXQGDU\
EHWZHHQ072DQG076FDOOHGWKHµ&XVWRPHU2UGHU'HFRXSOLQJ3RLQW¶&2'31D\ORU1DLPDQG
%HUU\+DUULVRQ/HHDQG1HDOHRUµRUGHUSHQHWUDWLRQSRLQW¶2OKDJHU&KULVWRSKHU
 LV WKH SRLQW WKDW VHSDUDWHV WKH IRUHFDVWLQJEDVHG 076 HOHPHQW WKDW SXVKHV VHPLILQLVKHG
SURGXFWV DQG WKHRUGHUEDVHG072SDUW WKDW SXOOVSURGXFWV WKURXJK IRU WKH FXVWRPL]DWLRQSURFHVV
&KHQDQG'RQJ 











WKH FRQWH[W RI WKH VHPLFRQGXFWRU LQGXVWU\ :H XVH WKH VXSSO\ FKDLQ PRGHO RI ,QWHO WKH OHDGHU LQ
PLFURSURFHVVRUPDQXIDFWXULQJ6DPSDWKHWDODVUHSRUWHGHPSLULFDOO\E\*RQoDOYHV+LQHV
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PRGHO SURYLGHG LQVLJKWV LQWR OHDQ LQYHQWRU\ DQG UHVSRQVLYH XWLOL]DWLRQ SROLFLHV WKHLU VLPXODWLRQ
DSSURDFK LV QRW DEOH WR UHYHDO WKH H[SOLFLW UHODWLRQVKLS EHWZHHQ WKH V\VWHP¶V RXWSXWV DQG WKH
HQGRJHQRXV GHPDQG WKHUHIRUH RYHUORRNLQJ WKH UHDO HIIHFWV RI VRPH FRQWURO SDUDPHWHUV $IWHU
VLPSOLI\LQJ WKH EORFN GLDJUDP DQG H[WUDFWLQJ WKH 076072 VFHQDULR SXVKSXOO ZH DQDO\VH WKH







Modelling Intel supply chains in a 
block diagram form 
Simpify the Intel supply chains to 
extract the MTS-MTO scenario
Based on Gonçalves, 
Hines, and Sterman 
(2005)
1. Eliminate  nonlinearities 
2. Eliminate  redundancies
3. Collecting terms
4. Draw the analogy to the IOBPCS family
Analyze the dynamic properties of  the 
MTS-MTO scenario
1. Laplace Transform 
2. Characteristics equations analysis 
3. Dynamic analysis in responding unit step 
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$OWKRXJK WKH FRPSOH[ PDWHULDO DQG HTXLSPHQW DFTXLVLWLRQ SURFHVVHV YDU\ EHWZHHQ GLIIHUHQW
FRPSDQLHV D W\SLFDO VHPLFRQGXFWRU PDQXIDFWXULQJ SURFHVV FRQVLVWV RI WKUHH PDLQ VWDJHV ZDIHU
IDEULFDWLRQ µIURQWHQG¶ PDQXIDFWXULQJ DVVHPEO\ DQG WHVW DQG SURGXFW GLVWULEXWLRQ µEDFNHQG¶
RSHUDWLRQVZKRVHDVVRFLDWHGDFWLYLWLHVDUHXVXDOO\LQYROYHGLQDJOREDOO\FRPSOH[QHWZRUNWRVDYH
ODERXU FRVWV DQG EHQHILW IURP WD[ EUHDNV 5DVWRJL HW DO  'HSHQGLQJ RQ WKH WLPH KRUL]RQ
SURGXFWLRQ SODQQLQJ DQG FRQWURO LQ WKH VHPLFRQGXFWRU LQGXVWU\ FDQ EH GLYLGHG IURP \HDUO\EDVHG
SODQQLQJPRQWKO\ZHHNO\EDVHGRUGHU UHOHDVH WRGDLO\ VFKHGXOLQJDQGKRXUO\GLVSDWFKLQJ 0|QFK















SURGXFWLRQ VWUDWHJ\ ZLWK GLH EDQN DV WKH GHFRXSOLQJ SRLQW LQ WKH VHPLFRQGXFWRU FRQWH[W DQG
UHFRPPHQGHGDSRVWSRQHPHQWVWUDWHJ\IRURSHUDWLQJVXFKFRPSOH[VXSSO\QHWZRUNV6XQHWDO
SURSRVHG D KLHUDUFKLFDO GHFLVLRQ VXSSRUW IUDPHZRUN WR JXLGH WKH VHOHFWLRQ RI076 072 RU$72
VWUDWHJLHVIRUGHVLJQLQJVHPLFRQGXFWRUVXSSO\FKDLQV7KHUHVXOWVLQGLFDWHGWKDWWKHGHFLVLRQLVGULYHQ
E\ WZR FXVWRPHURULHQWHG IDFWRUV LH UHTXLUHG OHDG WLPH DQG WKH LPSRUWDQFH RI RQWLPH GHOLYHU\
SHUIRUPDQFHDOWKRXJKFXVWRPHUGHPDQGSDWWHUQVDQGSURFHVVYDULDELOLW\PD\SOD\DQLPSRUWDQWUROH
XQGHU FHUWDLQ FLUFXPVWDQFHV )RUVWQHU DQG 0|QFK  GHYHORSHG D JHQHWLF DOJRULWKP *$ WR
VXSSRUWWKHVHOHFWLRQRIGLIIHUHQWSURGXFWLRQVWUDWHJLHVLH076072$72E\XVLQJGLVFUHWHHYHQW
VLPXODWLRQ $ SURILWEDVHG REMHFWLYH IXQFWLRQ LV GHYHORSHG XQGHU WKH FRQVLGHUDWLRQ RI VWRFKDVWLF
EHKDYLRXURIWKHVHPLFRQGXFWRUVXSSO\FKDLQDOWKRXJK*$LVFULWLFL]HGDVDWLPHFRQVXPLQJSURFHGXUH
WRDVVHVVWKHILWQHVVRIWKHULJKWSURGXFWLRQVWUDWHJ\  
:KLOH SUHYLRXV UHVHDUFK KDV H[SORUHG WKH SRVVLEOH EHQHILWV DQG VHOHFWLRQ FULWHULD IRU GLIIHUHQW
VXSSO\ FKDLQ RSHUDWLRQDO VWUDWHJLHV LQ WKH VHPLFRQGXFWRU LQGXVWU\ YHU\ IHZ VWXGLHV IRFXV RQ WKH




076072 VXSSO\ FKDLQ 8VLQJ D V\VWHP G\QDPLFV DSSURDFK  2UFXQ 8]VR\ DQG .HPSI 
developed a capacitated semiconductor production model with load-dependent lead time, which 
overcomes the limitation of treating lead times as exogenous parameters independent of the decision 
variables that most linear dynamic models assume. The analysis suggested that the nonlinear change 
at high capacity utilization is consistent with insights from queuing models and industrial practices. 
Furthermore, Orçun and Uzsoy (2011) studied the dynamic behaviour of a simplified semiconductor 
supply chain system with two capacitated manufacturing echelons and one inventory echelon. They 
indicated that the dynamic properties of a supply chain system under optimization-based planning 
models are qualitatively different from those operating under simple feedback policies system 
dynamics models.  
$OWKRXJKWKHVHV\VWHPG\QDPLFVVLPXODWLRQVFRQWULEXWHWRWKHUHSUHVHQWDWLRQRIDUHDOV\VWHPE\
LQFRUSRUDWLQJQRQOLQHDUFRPSRQHQWVDQGFRPSOH[VWUXFWXUHVLWLVDWULDODQGHUURUDSSURDFKWKDWPD\












FRQWURO WKHRU\ LQ D SURGXFWLRQ V\VWHP FDQ EH WUDFHG EDFN WR 6LPRQ  7DEOH  JLYHV D EULHI
LQWURGXFWLRQRIFRQWUROHQJLQHHULQJUHOHYDQWWRROVPHWKRGVXWLOL]HGLQWKLVVWXG\ 
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7KH /DSODFH WUDQVIRUP LV DQ LQWHJUDO WUDQVIRUP LQ ZKLFK FRQYHUW D
IXQFWLRQRIDUHDOYDULDEOHWWLPHGRPDLQWRDIXQFWLRQRIDFRPSOH[
YDULDEOHVIUHTXHQF\GRPDLQVKRZQDVIROORZ ܨሺݏሻ ൌ න ݁ି௦௧݂ሺݐሻ݀௧ஶ଴  





























%\DGRSWLQJFODVVLFFRQWURO WKHRU\7RZLOO  WUDQVODWHG&R\OH V\VWHPG\QDPLFV
ZRUNWRUHSUHVHQWWKH,2%3&6LQDEORFNGLDJUDPIRUP-RKQ1DLPDQG7RZLOOWKHQH[WHQGHG
WKHRULJLQDOPRGHO WR WKH DXWRPDWLF SLSHOLQH LQYHQWRU\ DQGRUGHUEDVHGSURGXFWLRQ FRQWURO V\VWHP
$3,2%3&6 E\ LQFRUSRUDWLQJ DQ DXWRPDWLF ZRUNLQSURJUHVV IHHGEDFN ORRS 7KHVH WZR RULJLQDO




















AG Gross assembly completion 
rate pull AG Governs AG in pull mode 
A*G Desired AG push AG Governs AG in push mode 
AN Net assembly completion rate S Actual shipments 
A*N  Desired AN S* Desired shipments 
AWIP Assembly work in process SMAX Feasible shipments 
AWIP* Desired AWIP WOI* Desired weeks of Inventory =TOP + TSS 
AWIPADJ AWIP adjustment WS Wafer starts =WS* 
B Backlog WS* Desired wafer starts 
B* Target backlog WSN* Desired net WS 
BADJ B adjustment YD Die yield 
D Actual order YL Line yield 
Di* Desired die inflow YU Unit yield 
DD* Desired delivery delay TDAdj Forecasting smoothing constant 
Di Die completion rate TA Assembly time 
DPW Die per wafer TB Time to adjust backlog 
ED Long-term demand forecast TAWIP Time to correct AWIP discrepancy 
ES Expected shipments TF Fabrication time 
FG Gross fabrication rate TFGI Time to adjust FGI discrepancy 
FGI Finished goods inventory 
stock TFWIP Time to adjust FWIP discrepancy 
FGI* Target FGI TOP Information process time (Delay before 
shipments) 
FGIADJ FGI adjustment TSAdj Shipping smoothing constant 
FWIP Fabrication work in process TSS Safety stock coverage 
FWIP* Desired FWIP FWIPADJ FWIP adjustment  
IOBPCS Inventory and order-based production control system 
VIOBPCS Variable inventory and order-based production control system 
APIOBPCS Automatic pipeline and inventory and order-based production control system 
APVIOBPCS  Automatic pipeline and various inventory and order-based production control system 







Inventory (FGI) Actual Shipment





































































 The result is give by the 




























IDEULFDWLRQDVVHPEO\DQGGLVWULEXWLRQ*RQoDOYHV+LQHVDQG6WHUPDQ All the nomenclature 
and model descriptors utilized in this paper are presented in Table 2. ,W VKRXOG EH QRWHG WKDW WKH
G\QDPLFLQIOXHQFHRIFXVWRPHUV¶UHVSRQVHLHWKHFXVWRPHUV¶UHVSRQVHWRVXSSO\DYDLODELOLW\PHDVXUHG





D PDWHULDO IORZ SHUVSHFWLYH IDEULFDWLRQ DQG DVVHPEO\ 7KH SROLVKHG GLVNVKDSHG VLOLFRQ VXEVWUDWHV
ZDIHUV DV LQSXWV DUH WDNHQ LQWR D ZDIHU IDEULFDWLRQ IDFLOLW\ DQG WKURXJK VHYHUDO FRPSOLFDWHG
VHTXHQFHVWRSURGXFHIDEULFDWHGZDIHUVFRPSRVHGRILQWHJUDWHGFLUFXLWVLH,&VRUGLHV$YHUWLFDO
FURVVVHFWLRQ RI DQ LQWHJUDWHG FLUFXLW UHYHDOV VHYHUDO OD\HUV IRUPHG GXULQJ WKH IDEULFDWLRQ SURFHVV





WKH )*, IRU FXVWRPHU RUGHUV $ WKUHHVWDJH VXSSO\ FKDLQ LQFOXGLQJ IDEULFDWLRQ DVVHPEO\ DQG
GLVWULEXWLRQLVWKHUHE\FUHDWHGWRUHSUHVHQWWKHPDQXIDFWXULQJSURFHVV 






The exogenous demand into the supply chain system begins when end customers¶ demand 
information is transmitted into the information system and tracked until it is shipped or cancelled. The 
actual shipment, S, is determined by the minimum value between 6 DQG 60$;. By design, the 
distribution system operates as the MTO mode in which the 6is given by the ratio of B and ''
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+RZHYHU LI LQVXIILFLHQW)*,FRQVWUDLQV6 WKHGLVWULEXWLRQV\VWHPZLOODXWRPDWLFDOO\VZLWFK WR WKH
076 PRGH WR SXVK DOO IHDVLEOH )*, ZKLFK LV HVWLPDWHG E\ )*, VWRFN DQG723 $V D UHVXOW WKRVH
EDFNORJJHGRUGHUVGLUHFWO\SXOOSURGXFWFRPSRQHQWVIURP$:,3WRLQFUHDVHWKHDVVHPEO\RUGHUUDWH
XQGHUWKHFRQGLWLRQWKDWWKHDVVHPEO\V\VWHPVWLOOSHUIRUPVWKH072EDVHGSURGXFWLRQZLWKHQRXJK
$:,37KHGHOLYHU\ GHOD\ H[SHULHQFHGE\H[WHUQDO FXVWRPHUV LV LQFUHDVHG LQ VXFK VFHQDULRV VLQFH
UHTXLUHGRUGHUVFDQQRWEHIXOILOOHGGLUHFWO\E\)*,DQGLWWDNHVORQJHUWRDVVHPEOHDQGGLVWULEXWHWKRVH
EDFNORJJHGRUGHUV 



















DJLYHQ'.LVGHWHUPLQHGE\ܭ ൌ ஽൉ெௌ஼௎ಿ൉஽௉ௐ൉௒ವ൉௒ಽZKHUH06PDUNHWVKDUHLVQRWFRQVLGHUHGLQWKLVVWXG\:KHQ:6LVODUJHUWKDQQRUPDOFDSDFLW\XWLOL]DWLRQ)DEPDQDJHUV WU\WRLQFUHDVH&81DQG
WKXV WKH VSDUH FDSDFLW\ IRU HQJLQHHULQJ LV UHGXFHG2Q WKHRWKHUKDQG:KHQ:6 IDOOV EHORZ WKH





Based on this empirical information, we can separate the Intel supply chains into three 
distinctive scenarios as follows: 
 
x )DEULFDWLRQ076$VVHPEO\072'LVWULEXWLRQ072PRGH6XFKDV\VWHPLVKLJKO\









x )DEULFDWLRQ 076 $VVHPEO\ 076  'LVWULEXWLRQ 076 PRGH ,I WKH DVVHPEO\ LV DOVR
FRQVWUDLQHGE\WKHIHDVLEOH$:,3OHYHO WKHZKROHVXSSO\FKDLQV\VWHPZLOOVZLWFKWRD

















Based on the causal loop diagram of Figure 2, and the detailed model description in Section 
3.1, we developed the Intel supply chain model in a block diagram form, using continuous time domain, 
Laplace s, as shown in Figure 3. In a recent publication, Naim et al. (2017) accomplished the same 


































































FDQ EH GLUHFWO\ IXOILOOHG E\ H[WHUQDO FXVWRPHU GHPDQG WKDW LV WKH GLVWULEXWLRQ HFKHORQ LV











Gross WS* is determined by the desired net wafer start rate adjusted by YL and in turn, 
the desired wafer production rate is determined by D* in assembly, adjusted by the DPW and 
the die yield YD, so we have following relationship:  
 
ܹܵכ ൌ  ?ܦܹܲ  ? ஽ܻ  ? ௅ܻ ܦכ 
 
To simplify the block diagram, we collect terms as follow: 
a. ܭଵ ൌ ଵ஽௉ௐ ?௒ವ ?௒ಽ 
b. ܭଶ ൌ ܭଵ  ?ܶ ி 





V\VWHP LV WKDW LW HQDEOHV WKH DQDO\WLFDO WUDFLQJ RI VXSSO\ FKDLQ G\QDPLFV *LYHQ WKDW LQ UHDOLW\
VHPLFRQGXFWRU PDQXIDFWXULQJ VXIIHUV KLJK FDSDFLW\ XQHYHQQHVV .DUDEXN DQG :X  GXH WR























































































 (Similar to VIOBPCS 
archetype)
Upstream MTS part




















 ܣேכ ሺݐሻ ൌ ܨܩܫ஺஽௃ሺݐሻ ൅ ܧܦሺݐሻሺ ?ሻ :KHUH ܨܩܫ஺஽௃ሺݐሻ ൌ  ?ிܶீூ  ? ൫ܧܦሺݐሻ  ? ܹܱܫכ െ ܨܩܫሺݐሻ൯ሺ ?ሻ DQG ܧܦሺݐሻ ൌ ܧܦሺݐ െ  ?ሻ ൅ ܽ  ? ൫ܦሺݐሻ െ ܧܦሺݐ െ  ?ሻ൯ܽ݊݀ܽ ൌ  ? ? ൅ ஽ܶ஺ௗ௝ᇞ ܶ ሺ ? ? ? ?ሻሺ ?ሻ 
 
7KHXSVWUHDP076IDEULFDWLRQV\VWHPLVVLPLODUWRWKH$39,2%3&6UHSOHQLVKPHQWUXOHWKDW
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 ܣܹܫ ஺ܲ஽௃ሺݐሻ ൌ  ?஺ܶௐூ௉  ? ൭ܣேכ ሺݐሻ  ?ܶ ஺ܻ௎ െ ܣܹܫܲሺݐሻ൱ሺ ?ሻ 
 ):,3$'-WLVGHWHUPLQHGE\DIUDFWLRQRIWKHGLIIHUHQFHEHWZHHQWKHGHVLUHGLQIORZ):,3DQG
WKHDFWXDO):,3DVIROORZV ܨܹܫ ஺ܲ஽௃ሺݐሻ ൌ   ?ிܶௐூ௉  ? ቌிܶ  ? ܭ ?  ? ൭ܧܦሺݐሻ  ? ?ܻ௎ ൅ ܣܹܫ ஺ܲ஽௃ሺݐሻ൱ െ ܨܹܫܲሺݐሻቍሺ ?ሻ 
 
,WVKRXOGEHQRWHGWKDWWKHVDIHW\VWRFNOHYHOV$:,3DQG)*,DQGGHVLUHG):,3DUHEDVHG
RQFRQVWDQWJDLQVWOI*, TA and K2/YU, WKDWQHHGWREHVHW+HQFHWKHUHLVDQRSSRUWXQLW\WRIXUWKHU
H[SORUHWKHLPSDFWRIVHWWLQJVXFKOHYHOVZKLFKgive more insight on the overall dynamic behaviour 
of the hybrid MTS-MTO system. HJ see Manary and Willems (2008) method toDGGUHVVWKHLVVXHRI
systematically biased forecast experienced by the Intel supply chain. However, it is beyond the scope 
of this paper to investigate the impact of parameter variation on the dynamics of the hybrid MTS-MTO 
semiconductor supply chain. 
,QRUGHUWRDOORZXVWREHQFKPDUNWKHG\QDPLFEHKDYLRXURIWKHXSVWUHDP076UHSUHVHQWDWLRQ
















































































XQGHU WKH DVVXPSWLRQ WKDW WKH &2'3 LQYHQWRU\ DUH DOZD\V DYDLODEOH IRU HQG FXVWRPHUV¶ RUGHUV
'RZQVWUHDPRIWKH&2'3LVWKH9,2%3&6RUGHULQJUXOHZLWKQHJOLJLEOHOHDGWLPHZKLOHWKHXSVWUHDP
076VWUXFWXUHLVVLPLODUWRWKH$39,2%3&6EXWWKHUHDUHVRPHGLIIHUHQFHVUHJDUGLQJWKHVHWWLQJVRI












x 6XEVWLWXWH/DSODFHGRPDLQRI('LQUHODWLRQWR'LHܧܦ ൌ ܦ  ?  ? ?൅ ܶܦܣ݆݀ݏLQWR(TXDWLRQ 
x 6XEVWLWXWH/DSODFHGRPDLQRI)*,LQUHODWLRQWR$1LHൌ ሺܣܰכ െ ܦሻ  ?ଵ௦LQWR(TXDWLRQDQGWKHQ6XEVWLWXWH(TXDWLRQLQWR 
 
:HQRZKDYHWKHWUDQVIHUIXQFWLRQRI$1LQUHODWLRQWR' 
 ܣேכܦ ൌ  ? ൅ ൫ ஽ܶ஺ௗ௝ ൅ ிܶீூ ൅ ܹܱܫכ൯ݏ ? ൅ ൫ ஽ܶ஺ௗ௝൅ ிܶீூ൯ݏ ൅ ஽ܶ஺ௗ௝ ிܶீூݏଶ ሺ ?ሻ 
 
6XEVWLWXWH(TXDWLRQLQWRܨܩܫ ൌ ሺܣேכ െ ܦሻ  ?ଵ௦WKHWUDQVIHUIXQFWLRQRI)*,FDQEHGHULYHGWKXV 






  ? ? 
 
ܹܵ ൌ ௄భ௒ೆ  ?ܧܦ ൅ ܭଵ  ? ଵಲ்ೈ಺ು ቀܣேכ  ?்ಲ௒ೆ െ ܣܹܫܲቁ ൅ ଵಷ்ೈ಺ು  ? ቆிܶ  ? ܭ ?  ? ቆܧܦ  ?ଵ௒ೆ ൅  ?ܶܣܹܫܲ  ? ቀܣܰכ  ?ܶܣܻܷ െ ܣܹܫܲቁቇ െ ܨܹܫܲቇሺ ?ሻ 






ܹܵܦ ൌ ܭଵ௎ܻ  ?
ሺ ிܶ ൅ ୊ܶ୛୍୔ሻ ൅ቆܹܱܫכ ிܶ ൅ ஽ܶ஺ௗ௝ ிܶ ൅ ୅ܶ ிܶ ൅ ୅ܶ୛୍୔ ிܶ ൅ ிܶଶ ൅ ிܶ ୊ܶୋ୍ ൅ ܹܱܫכ ୊ܶ୛୍୔ ൅஽ܶ஺ௗ௝ ୊ܶ୛୍୔ ൅ ୅ܶ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ୊ܶ୛୍୔ ൅ ிܶ ୊ܶ୛୍୔ ൅ ୊ܶୋ୍ ୊ܶ୛୍୔ ቇ ݏ ൅
ۉۇ
୅ܶ୛୍୔ ிܶଶ ൅ ୅ܶ ிܶ ୊ܶୋ୍ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ൅ ிܶଶ ୊ܶୋ୍ ൅ ܹܱܫכ ୅ܶ ୊ܶ୛୍୔ ൅஽ܶ஺ௗ௝ ୅ܶ ୊ܶ୛୍୔ ൅ ܹܱܫכ ிܶ ୊ܶ୛୍୔ ൅ ஽ܶ஺ௗ௝ ிܶ ୊ܶ୛୍୔ ൅୅ܶ ிܶ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ ൅୅ܶ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ یۊ ݏଶ ൅ቆܹܱܫכ ୅ܶ ிܶଶ ൅ ஽ܶ஺ௗ௝ ୅ܶ ிܶଶ ൅ ୅ܶ ிܶଶ ୊ܶୋ୍ ൅ ୅ܶ୛୍୔ ிܶଶ ୊ܶୋ୍ ൅ ܹܱܫכ ୅ܶ ிܶ ୊ܶ୛୍୔ ൅஽ܶ஺ௗ௝ ୅ܶ ிܶ ୊ܶ୛୍୔ ൅ ୅ܶ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ ቇ ݏଷሺ ிܶ ൅ ୊ܶ୛୍୔ሻ ൅ ൬ ஽ܶ஺ௗ௝ ிܶ ൅ ୅ܶ୛୍୔ ிܶ ൅ ிܶ ୊ܶୋ୍ ൅஽ܶ஺ௗ௝ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ୊ܶ୛୍୔ ൅ ୊ܶୋ୍ ୊ܶ୛୍୔൰ ݏ ൅൬ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ൅ ஽ܶ஺ௗ௝ ிܶ ୊ܶୋ୍ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ൅ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ୊ܶ୛୍୔ ൅୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ ൅ ஽ܶ஺ௗ௝ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ୊ܶୋ୍ ୊ܶ୛୍୔ ൰ ݏଶ ൅൬ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ൅ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ ൅஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ ൰ ݏଷ ൅஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ݏସ
ሺ ? ?ሻ 
 
6XEVWLWXWH (TXDWLRQ  DQG  LQWR  ZH FDQ REWDLQ WKH WUDQVIHU IXQFWLRQ RI$:,3 LQ
UHODWLRQWR' 
 
ܣܹܫܲܦ ൌ  ?ܻ௎  ?
ሺ ୅ܶ ிܶ ൅ ୅ܶ ୊ܶ୛୍୔ሻ ൅ቌܹܱܫכ ୅ܶ ிܶ ൅ ஽ܶ஺ௗ௝ ୅ܶ ிܶ െ ܹܱܫכ ୅ܶ୛୍୔ ிܶ െ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ൅ ୅ܶ ிܶ ୊ܶୋ୍ ൅ܹܱܫכ ୅ܶ ୊ܶ୛୍୔ ൅ ஽ܶ஺ௗ௝ ୅ܶ ୊ܶ୛୍୔ െ ܹܱܫכ ୅ܶ୛୍୔ ୊ܶ୛୍୔ െ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ୊ܶ୛୍୔ െ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ ൅ ୅ܶ ୊ܶୋ୍ ୊ܶ୛୍୔ ቍ൅൫െܹܱܫכ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ െ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ െ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔൯ݏଶ ݏሺ ிܶ ൅ ୊ܶ୛୍୔ሻ ൅ ൬ ஽ܶ஺ௗ௝ ிܶ ൅ ୅ܶ୛୍୔ ிܶ ൅ ிܶ ୊ܶୋ୍ ൅ ஽ܶ஺ௗ௝ ୊ܶ୛୍୔ ൅୅ܶ୛୍୔ ୊ܶ୛୍୔ ൅ ୊ܶୋ୍ ୊ܶ୛୍୔ ൰ ݏ ൅൬ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ൅ ஽ܶ஺ௗ௝ ிܶ ୊ܶୋ୍ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ൅ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ୊ܶ୛୍୔ ൅୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ ൅ ஽ܶ஺ௗ௝ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ୊ܶୋ୍ ୊ܶ୛୍୔ ൰ ݏଶ ൅൬ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ൅ ஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ ൅஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ୊ܶୋ୍ ୊ܶ୛୍୔ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ ൰ ݏଷ ൅஽ܶ஺ௗ௝ ୅ܶ୛୍୔ ிܶ ୊ܶୋ୍ ୊ܶ୛୍୔ݏସ
ሺ ? ?ሻ 
 
7KH WUDQVIHU IXQFWLRQ UHSUHVHQWV WKH G\QDPLF SURSHUWLHV RI WKH V\VWHP ,Q SDUWLFXODU WKH
FKDUDFWHULVWLFHTXDWLRQGHILQHGE\HTXDWLQJWKHGHQRPLQDWRURIRYHUDOOWUDQVIHUIXQFWLRQWR]HURFDQ
EHXVHGWRILQGSROHVURRWVZKLFKJLYHDQLQLWLDOXQGHUVWDQGLQJRIWKHXQGHUO\LQJG\QDPLFPHFKDQLVP
RI WKH VHPLFRQGXFWRU K\EULG 076072 V\VWHP LQFOXGLQJ V\VWHP VWDELOLW\ DQG XQIRUFHG V\VWHP
  ? ? 
 
G\QDPLFSURSHUW\LHQDWXUDOIUHTXHQF\DQGGDPSLQJUDWLR6WDELOLW\LVDIXQGDPHQWDOSURSHUW\RID
VXSSO\FKDLQV\VWHP)URPWKH OLQHDUV\VWHPSHUVSHFWLYH WKHV\VWHPLV VWDEOH LI WKH WUDMHFWRU\ZLOO
HYHQWXDOO\UHWXUQWRDQHTXLOLEULXPSRLQWLUUHOHYDQWWRWKHLQLWLDOFRQGLWLRQZKLOHDQLQILQLW\WUDMHFWRU\
LVSUHVHQWHGLIWKHV\VWHPLVXQVWDEOH:DQJ'LVQH\DQG:DQJ7KXVWKHV\VWHPUHVSRQVHWR




DQG 'HOLFH  5HJDUGLQJ WKH XQIRUFHG V\VWHP G\QDPLF SURSHUW\ QDWXUDO IUHTXHQF\  ߱݊GHWHUPLQHVKRZIDVWWKHV\VWHPRVFLOODWHVGXULQJWKHWUDQVLHQWUHVSRQVHDQGFDQEHXVHGWRLQGLFDWHWKH
V\VWHP¶V VSHHG WR UHDFK WKH VWHDG\ VWDWH FRQGLWLRQ IRU UHVSRQGLQJ H[WHUQDO GHPDQG VLJQDO HJ WKH
LQYHQWRU\UHFRYHU\VSHHG'DPSLQJUDWLRߞሻRQWKHRWKHUKDQGGHVFULEHVKRZWKHV\VWHP¶VRVFLOODWRU\
EHKDYLRXULHYDULDELOLW\GHFD\VZLWKWLPHDQGFDQEHSHUFHLYHGDVLQLWLDO LQVLJKWRI WKHV\VWHP¶V





 ൫ ? ൅ ஽ܶ஺ௗ௝ݏ൯ሺ ? ൅ ୊ܶୋ୍ݏሻ ൌ  ? 
 ൫ ? ൅ ஽ܶ஺ௗ௝ݏ൯ሺ ? ൅ ୊ܶୋ୍ݏሻሺ ிܶ ൅ ୊ܶ୛୍୔ ൅ ሺ ୅ܶ୛୍୔ ிܶ ൅ ୅ܶ୛୍୔ ୊ܶ୛୍୔ሻݏ ൅ ୅ܶ୛୍୔ ிܶ ୊ܶ୛୍୔ݏଶሻ ൌ  ?ሺ ? ?ሻ 
 
















FRQVWDQWYDOXHܭଵȀ ௎ܻ DQGWKHILQDOYDOXHRI$:,3LVGHWHUPLQHGE\WKHFRHIILFLHQW ஺ܶ WKHWDUJHWHGLQYHQWRU\ OHYHO LQ WKH$39,2%3&66LQFH WKHGRZQVWUHDP072V\VWHP LV QRW LQIOXHQFHGE\ WKH
XSVWUHDP 076 V\VWHP GXH WR WKH DVVXPSWLRQ RI LQILQLWH$:,3 DYDLODELOLW\ WR PDLQWDLQ WKH 072
DVVHPEO\ZKLOHWKHG\QDPLFEHKDYLRXURI076LVLQIOXHQFHGE\WKHXSVWUHDP072ZHDQDO\VHWKH




&KDUDFWHULVWLFHTXDWLRQDQDO\VLVRIWKH072V\VWHP   
6LQFHWKHWUDQVIHUIXQFWLRQRIWKH072SDUWLVDVHFRQGRUGHUV\VWHPLWVDVVRFLDWHGG\QDPLF
SURSHUWLHVDUHGHILQHGE\߱௡DQGߞǡGHWHUPLQHGE\WKHFKDUDFWHULVWLFHTXDWLRQ+HQFHZHREWDLQ߱௡DQGߞDVIROORZV 
 ߱௡ ൌ ඨ  ?஽ܶ஺ௗ௝ ிܶீூ ߞ ൌ ൫ ஽ܶ஺ௗ௝൅ ிܶீூ൯ඨ  ? ? ஽ܶ஺ௗ௝ ிܶீூ ሺ ? ?ሻ 
%DVHGRQ(TXDWLRQERWK߱௡DQGߞDUHGHWHUPLQHGE\WKHFRQWUROSDUDPHWHUV7'$GMDQG7)*,7KHQDWXUDOIUHTXHQF\GHFUHDVHVDVWKHYDOXHVRI7'$GMDQG7)*,LQFUHDVHOHDGLQJWRDVORZHUG\QDPLF
UHVSRQVHDQGUHFRYHU\WRWKHVWHDG\VWDWHFRQGLWLRQVIRUWKH072V\VWHP7RYLVXDOL]HWKHUHODWLRQVKLS
EHWZHHQߞ7'$GMDQG7)*,ZHUHZULWH(TXDWLRQDV ߞ ൌ ඨ ? ?ቆ ஽ܶ஺ௗ௝ிܶீூ ൅ ிܶீூ஽ܶ஺ௗ௝ቇ ൅  ?ሺ ? ?ሻ 
:KHQ 7'$GM   7)*, ߞ     ൫ ? ?൯Ǥ   7'$GM RU 7)*,




















 XQLWV RI DVVHPEO\ OHDG WLPH 7$  %DVHG RQ WKH WUDQVIHU IXQFWLRQV RI WKH 072 V\VWHP LH
(TXDWLRQVDQGWKHYDOXHRIUHTXLUHGV\VWHPSDUDPHWHUVIRUVLPXODWLRQDUHWKHUHE\ZHHNV '$GM )*, DQG:2,  
  ? ? 
 
   
)LJXUH7KHLPSDFWRIୈ୅ୢ୨୊ୋ୍IRU)*,DQG୒XQLWUHVSRQVH 
 )LJXUHGHPRQVWUDWHVWKHLPSDFWRI'$GMDQG)*,IRUWKHXQLWVWHSUHVSRQVHRIWKH)*,DQG୒Ǥ7KHVROLGOLQHUHSUHVHQWVWKHUHFRPPHQGHGVHWWLQJVXWLOL]HGLQWKH9,2%3&6DUFKHW\SH7KHUHLVDOZD\VDQ LQLWLDOGURSIRU WKH)*, UHVSRQVHGXH WR WKH WUDQVLHQW UHVSRQVHRIDXQLWVWHS LQFUHDVH LQ












FDXVHG E\ WKH IHHGIRUZDUG FRPSHQVDWLRQ LQVWHDG RI WKH IHHGEDFN ORRSSURGXFWLRQ GHOD\ XVXDOO\







  ? ? 
 
FDQEHUHZULWWHQDVWKHSURGXFWRIWZRVHFRQGRUGHUSRO\QRPLDOV$VWKHVHFRQGRUGHUSRO\QRPLDOLH൫ ? ൅ ஽ܶ஺ௗ௝ݏ൯ሺ ? ൅ ୊ܶୋ୍ݏሻǡZDVDOUHDG\DQDO\VHGLQWKH072V\VWHPZHGHULYHWKHQDWXUDOIUHTXHQF\










  ? ? 
 
  )LJXUH5HDOFRPSOH[DQGLPDJLQDU\UHJLRQRI5DQG5EDVHGRQGLIIHUHQW7) 
 
 )LJXUH  LOOXVWUDWHV WKDW WKH URRWV DUH SRVLWLYH IRU WKH UHJLRQ EHWZHHQ WKH OLQH RI SXUHO\











RI7):,3DQG7$:,3 WR JHQHUDWH UHDO SROHV LH D µJRRG¶ V\VWHP G\QDPLF GHVLJQ ZLWKRXW JHQHUDWLQJ











LQLWLDOVHWWLQJVVXJJHVWHGE\-RKQ1DLPDQG7RZLOOLH ஺ܶௐூ௉ ൌ ஽ܶ஺ௗ௝ ൌ ிܶ ǡ ிܶௐூ௉ ൌ  ? ிܶIRU
WKH G\QDPLF SHUIRUPDQFH RI WKH 076 V\VWHP 7KH UHFRPPHQGHG VHWWLQJV RI ERWK 9,2%3&6 DQG
$39,2%3&6ZLOOEHXWLOL]HGDVWKHLQLWLDOGHVLJQWRGHWHUPLQHZKHWKHUVXFKSDUDPHWHUVHWWLQJVFDQ
VWLOO SURGXFH µJRRG¶ G\QDPLF SHUIRUPDQFH LQ WKH K\EULG HQYLURQPHQW 7KH V\VWHP¶V FRQVWDQW




WKHFXVWRPL]HGDVVHPEO\7KXVWKHLQLWLDOVHWWLQJLVDVIROORZVZHHNV ிܶ ൌ  ?ǡ ஺ܶௐூ௉ ൌ  ?ǡ ிܶௐூ௉ ൌ  ? ? 




    
  
  )LJXUH7KHHIIHFWRIGHFLVLRQSROLFLHVIRUWKH$:,3DQG:6LQUHVSRQGLQJWRXQLWVWHSLQFUHDVHV 





























H[SHQVH RI OHVV EXOOZKLS DV 7):,3 LQFUHDVHV 6LQFH WKH WDUJHW ):,3 LV WKH VXPPDWLRQ RI (' DQG
$:,3$'- $:,3 IHHGEDFN ORRS KDV EHHQ LQFOXGHG IRU$:,3$'- WKH ORQJ FRUUHFWLRQ WLPH IRU WKH
IHHGEDFN):,3ORRSZLOOIXUWKHUDPSOLI\WKHHIIHFWRIWKH$:,3IHHGEDFNORRSE\LQWURGXFLQJH[WUD
G\QDPLFEHKDYLRXUIRUWKH$:,3DQG:6ZKLFKGDPDJLQJWKHLUG\QDPLFSHUIRUPDQFHYLDLQWURGXFLQJ
PRUH RVFLOODWLRQV )XUWKHUPRUH EDVHG RQ )LJXUH  DQG 7DEOH  WKH UHFRPPHQGHG VHWWLQJV LQ WKH
$3,2%3&6DQG9,2%3&6FDQVWLOOEHXWLOL]HGLQWKHK\EULG076072VXSSO\FKDLQWR\LHOGDµJRRG¶
G\QDPLF UHVSRQVH ZKHQ FRQVLGHULQJ WKH WUDGHRII EHWZHHQ EXOOZKLS DQG LQYHQWRU\ UHFRYHU\ :H





$:,3 :6 )*, $1 
S WS WV S WS WV S WS WV S WS WV 
7V$GM  Ļ Ļ Ĺ Ļ Ĺ Ļ Ļ Ļ Ĺ Ļ Ļ 
7)*, Ĺ Ļ Ĺ Ĺ Ļ Ĺ Ļ Ļ Ļ Ĺ Ļ Ļ 
7$:,3 Ļ Ļ Ļ Ĺ Ļ Ĺ       




,W FDQ EH FRQFOXGHG WKDW PDLQWDLQLQJ WKH K\EULG 072076 V\VWHP LQ WKH VHPLFRQGXFWRU
LQGXVWU\ LV KLJKO\ GHVLUDEOH VLQFH FXVWRPHU RUGHUV FDQ EH IXOILOOHG LPPHGLDWHO\ )HHGIRUZDUG




VLJQLILFDQWO\ LQIOXHQFH WKHEXOOZKLS OHYHO7$:,3 DOVRSOD\VDPDMRU UXOH LQ WKHV\VWHP¶VRVFLOODWRU\
EHKDYLRXU7KXV PDQDJHUV VKRXOG FDUHIXOO\ WXQH7$:,3 WR EDODQFH WKH EHQHILW EHWZHHQ WKH FRVW RI
KROGLQJ &2'3 LQYHQWRU\ DQG WKH FRVW RI VXSSO\ FKDLQ G\QDPLFV 0RUHRYHU SUDFWLWLRQHUV VKRXOG
FRQVLGHUWKHFKRLFHRI7)*,WREDODQFHWKHOHYHOVRIWZRVDIHW\VWRFNSRLQWV$:,3DQG)*,DVVXFKD







































 (Similar to VIOBPCS 
archetype)
Upstream MTS part
















































,Q JHQHUDO WKH VLPXODWLRQRI DQRQOLQHDUK\EULG 076072V\VWHPVKRZV WKDW WKH LQVLJKWV
REWDLQHGIURPWKHOLQHDUL]HGDQDO\WLFDOUHVXOWVDUHFRUUHFW7KHLQFUHDVHRISROLFLHVLQ072SDUWLH
7)*, DQG7'$GMQHJDWLYHO\ LQIOXHQFHV WKHG\QDPLFSHUIRUPDQFHRI WKH&2'3LQYHQWRU\$:,3E\
LQWURGXFLQJPRUHXQGHUVKRRWDQGORQJHUVHWWLQJWLPHZKLOHWKHEHWWHUG\QDPLFUHVSRQVHVRI:6DUH
IRXQGZLWKIHZHURVFLOODWLRQVDQGIDVW UHFRYHU\VSHHG+RZHYHUDVH[SHFWHGFRPSDULQJWKHOLQHDU
UHVXOWV )LJXUHXQGHU WKHVDPHFRQWUROSROLF\ VHWWLQJV WKHVWHS LQFUHDVH LQGHPDQGJLYHVKLJKHU
LQLWLDOGURSRI$:,3DQGVORZHUUHFRYHU\VSHHGRI$:,3DQG:6LQWKHQRQOLQHDUHQYLURQPHQW7KLV





ZRUVHG\QDPLFEHKDYLRXURI$:,3DQG:6E\ LQWURGXFLQJPRUH XQGHUVKRRW DQGRVFLOODWLRQV7KH









HQYLURQPHQW %\ XWLOL]LQJ FRQWURO HQJLQHHULQJ WHFKQLTXHV DQG WKH ZHOONQRZQ ,2%3&6 IDPLO\ RI
DUFKHW\SHVZHDGGUHVVHGWKHOLPLWDWLRQVRI*RQoDOYHV+LQHVDQG6WHUPDQ
VVLPXODWLRQZRUN





System  Findings Corresponding managerial implications  
Linear MTO 
߱௡ܽ݊݀ߞ 1. TsAdj and TFGI have a reverse impact on ߱௡ 2.  ߞӋIRUDOOSRVLWLYHYDOXHRI TsAdj and 
TFGI. 
1. Quick forecasting smoothing and 
inventory error correction lead to rapid 
system¶Vrecovery to the steady state 
condition. 
2. The MTO system always produces over-
damped behaviour without oscillations.  
Stability The real roots are always negative for positive value of TsAdj and TFGI. 
The MTO system is permitted to be stable 
and robust for any forecasting methods and a 
positive value of inventory correction policy. 




TsAdj plays a major role in the AN 
response, while TFGI has a major impact 
on the FGI dynamical behaviour.  
Bullwhip is mainly caused by the feedforward 
compensation in the semiconductor MTO 
supply chains: A careful compromise 
between advance stock availability and 





The same insights from the linear MTO 
system are confirmed. 
The same managerial implications are 
obtained. 
Linear MTS 
߱௡ܽ݊݀ߞ 1. TAWIP and TFWIP have a reverse impact on ߱௡. 
2.TAWIP has a major influence on ߞ . 
1. Quick CODP (AWIP) and FWIP 
inventory error correction leads to the 
V\VWHP¶VUDSLG recovery to steady state 
conditions. 
2. The CODP (AWIP) inventory policy plays 
a major rule in the system¶V dynamic 
behaviour. 
Stability The real roots are always negative for positive value of TFWIP and TAWIP. 
The MTS system is guaranteed to be stable 
for any positive choice of the AWIP and 
FWIP inventory correction policies.  
Dynamic 
response 
1. TsAdj, TFGI, TAWIP and TFWIP influence 
the bullwhip effect. However, TsAdj and 
TAWIP play major role for bullwhip 
level. 
2. TAWIP is the key factor for system 
oscillations.  
1. The CODP inventory error correction and 
forecasting smoothing policy should be 
carefully tuned, due to their major influence 
on bullwhip level in the MTS system. 
2. The trade-off between the cost of bullwhip 
(e.g. capacity ramp up/down, labour hiring 
and firing) and the benefit of implementing 
CODP strategy should be considered, due to 
WKHV\VWHP¶Voscillations are sensitive to the 
CODP policy settings.  
Nonlinear MTS  Dynamic 
response  
The same results regarding the impact 
of control policies on the dynamic 
behaviour can be confirmed in the 
nonlinear MTS system. However, the 
introduction of nonlinearities can 
reduce the bullwhip effect at the 
expense of increasing CODP inventory 
variability. 
Beside the managerial insights gained from 
the linear analysis, the impact of capacity 
constraint should be considered for trade-
offs design between the CODP inventory 
and capacity utilization when the hybrid 









OLQHDU K\EULG 076072 DQG LPSOHPHQW D OLQHDU FRQWURO HQJLQHHULQJ DSSURDFK WR DQDO\VH LWV
IXQGDPHQWDOG\QDPLFSURSHUWLHV$OWKRXJKWKHVLPSOLILFDWLRQPHWKRGLVEDVHGRQWKHVHPLFRQGXFWRU
VXSSO\ FKDLQ V\VWHP D VLPLODU DSSURDFK FDQ EH DSSOLHG WR D ERDUG SURGXFWLRQLQYHQWRU\ EDVHG
PDQXIDFWXULQJV\VWHP 
5HJDUGLQJ UHVHDUFK TXHVWLRQ  WKURXJK FRQWURO HQJLQHHULQJ DSSURDFKHV LQFOXGLQJ /DSODFH
WUDQVIRUP FKDUDFWHULVWLF HTXDWLRQV DQG WKH XQLW VWHS UHVSRQVH DQDO\VLV ZH UHYHDO WKH IDFW WKDW
IHHGIRUZDUGIRUHFDVWLQJFRPSHQVDWLRQDQGWKH&2'3LQYHQWRU\FRUUHFWLRQSROLF\SOD\DPDMRUUXOHLQ
WKH EXOOZKLS HIIHFW LQ WKH VHPLFRQGXFWRU K\EULG 076072 V\VWHP LQVWHDG RI WKH SURGXFWLRQ









V\VWHP WR HQKDQFH TXDOLWDWLYH LQVLJKWV GHULYHG IURP WKH OLQHDU DQDO\VLV 7KH UHVXOWV VKRZ WKDW WKH
DQDO\WLFDO UHVXOWV DUH UREXVW LQ D QRQOLQHDU HQYLURQPHQW ZLWK FDSDFLW\ DQG QRQQHJDWLYH RUGHU
FRQVWUDLQV +RZHYHU LQ WKH FDSDFLWDWHG VHWWLQJ WKH EXOOZKLS OHYHO LV UHGXFHG DW WKH H[SHQVH RI
GDPDJLQJ&2'3 LQYHQWRU\SHUIRUPDQFH LH LQFUHDVHGYDULDELOLW\ZKHQFRPSDUHGZLWK WKH OLQHDU
V\VWHP XQGHU VDPH SROLF\ VHWWLQJV 7KLV SKHQRPHQRQ LV ZHOOUHFRJQL]HG LQ OLWHUDWXUH &DQQHOOD
&LDQFLPLQRDQG0DUTXH]1HSDO0XUDWDQG&KLQQDP/LQ-LDQJDQG:DQJ3RQWH
HWDO)XUWKHUPRUHWKLVSDSHUDOVRFRQWULEXWHVWRWKHDQDO\VLVRIVXSSO\FKDLQG\QDPLFVLQWKH
VHPLFRQGXFWRU LQGXVWU\ E\ XQFRYHULQJ WKH XQGHUO\LQJ PHFKDQLVP RI WKH EXOOZKLS HIIHFW DQG
FRPSDULQJWKHG\QDPLFSHUIRUPDQFHGLIIHUHQFHVEHWZHHQWZRGLIIHUHQWRUGHULQJDUFKHW\SHV:KLOHZH
KDYHXQGHUWDNHQVRPHDQDO\VLVRIYDU\LQJGHFLVLRQSDUDPHWHUVZLWKUHVSHFWWRSURSRUWLRQDOIHHGEDFN










VLPLODU EHKDYLRXU FDQ EH REWDLQHG IURP ,2%3&6EDVHG DQG QRQ ,2%3&6EDVHG V\VWHPV HJ WKH
DGRSWLRQ RI WKH FOHDULQJ IXQFWLRQV DW ORZ XWLOL]DWLRQ OHYHO WKH H[SORUDWLRQ RI DOWHUQDWLYH OHDG
WLPHFDSDFLW\ PRGHOOLQJ DSSURDFKHV LQ WKH ,2%3&6 IDPLO\ HJ &OHDULQJ )XQFWLRQ EDVHG FDSDFLW\





















WKHUH LV QR IHDVLEOH )*,$:,3 LQ WKH VHPLFRQGXFWRU SURGXFWLRQ FRQWH[W )XWXUH UHVHDUFKHUV FDQ
FRQWULEXWH WR WKHVH DUHDV E\ XWLOL]LQJ PRUH DGYDQFHG DQDO\WLFDO PHWKRGV DQG DQDO\VLQJ WKH VZLWFK
EHWZHHQGLIIHUHQWPRGHVZLWKLQVXSSO\FKDLQV\VWHPV,WVKRXOGEHQRWHGWKDWWKH076SDUWZHGHULYHG
IURPWKHRULJLQDOVXSSO\FKDLQPRGHOLVDOLQHDUEDVHG053V\VWHPWKXVLWFDQHDVLO\EHH[WHQGHGWR
DFFRPPRGDWH FDSDFLW\ FRQVWUDLQWV 0|QFK )RZOHU DQG 0DVRQ  WR UHSUHVHQW PRUH UHDOLVWLF
  ? ? 
 
VHPLFRQGXFWRUPDQXIDFWXULQJVFHQDULRV7KLVDOVRJLYHVULVHWRDSRVVLEOHIXWXUHUHVHDUFKRSSRUWXQLW\
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ĞŶƌŝĐŚŵĞŶƚŽŶƚŚĞďƵůůǁŚŝƉĞĨĨĞĐƚ ŝŶƐƵƉƉůǇĐŚĂŝŶƐ PĐŽŶƚƌŽůĞŶŐŝŶĞĞƌŝŶŐƉĞƌƐƉĞĐƚŝǀĞ ? ? ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨ
KƉĞƌĂƚŝŽŶĂůZĞƐĞĂƌĐŚ ? ? ? ? ? ) P ? ? ? ? ? ? ? ?
ŝƐŶĞǇ ?^ƚĞƉŚĞŶD ?ĞŶŝƐZdŽǁŝůů ?ĂŶĚZŽŐĞƌ,tĂƌďƵƌƚŽŶ ? ? ? ? ? ? ?KŶƚŚĞĞƋƵŝǀĂůĞŶĐĞŽĨĐŽŶƚƌŽůƚŚĞŽƌĞƚŝĐ ?ĚŝĨĨĞƌĞŶƚŝĂů ?
ĂŶĚĚŝĨĨĞƌĞŶĐĞĞƋƵĂƚŝŽŶĂƉƉƌŽĂĐŚĞƐƚŽŵŽĚĞůŝŶŐƐƵƉƉůǇĐŚĂŝŶƐ ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶĐŽŶŽŵŝĐƐ
 ? ? ? ? ? ) P ? ? ? ? ? ? ? ?
ŝƐŶĞǇ ?^ƚĞƉŚĞŶDŝĐŚĂĞů ?ĂŶĚĞŶŝƐZŽǇƐƚŽŶdŽǁŝůů ? ? ? ?   ?ĚŝƐĐƌĞƚĞƚƌĂŶƐĨĞƌĨƵŶĐƚŝŽŶŵŽĚĞůƚŽĚĞƚĞƌŵŝŶĞƚŚĞĚǇŶĂŵŝĐ
ƐƚĂďŝůŝƚǇŽĨĂǀĞŶĚŽƌŵĂŶĂŐĞĚŝŶǀĞŶƚŽƌǇƐƵƉƉůǇĐŚĂŝŶ ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ) P ? ? ? ?
 ? ? ? ? 
ƵĚĞŬ ?'ƌĞŐŽƌ ?ĂŶĚ,ĂƌƚŵƵƚ^ƚĂĚƚůĞƌ ? ? ? ? ? ? ?EĞŐŽƚŝĂƚŝŽŶ ?ďĂƐĞĚĐŽůů ďŽƌĂƚŝǀĞƉůĂŶŶŝŶŐďĞƚǁĞĞŶƐƵƉƉůǇĐŚĂŝŶƐƉĂƌƚŶĞƌƐ ? ?
ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨKƉĞƌĂƚŝŽŶĂůZĞƐĞĂƌĐŚ ? ? ? ? ? ) P ? ? ? ? ? ? ? ?
ĚŐŚŝůů ?: ?ĂŶĚZdŽǁŝůů ? ? ? ? ? ? ?ƐƐĞƐƐŝŶŐŵĂŶƵĨĂĐƚƵƌŝŶŐƐǇƐƚĞŵƉĞƌĨŽƌŵĂŶĐĞ PĨƌĞƋƵĞŶĐǇƌĞƐƉŽŶƐĞƌĞǀŝƐŝƚĞĚ ? ?ŶŐŝŶĞĞƌŝŶŐ
ŽƐƚƐĂŶĚWƌŽĚƵĐƚŝŽŶĐŽŶŽŵŝĐƐ ? ? ? ? ? ? ) P ? ? ? ??  
&ŽƌƐƚŶĞƌ ? >ŝƐĂ ? ĂŶĚ >ĂƌƐ DƂŶĐŚ ?  ? ? ? ? ?  ? ŚĞƵƌŝƐƚŝĐ ƚŽ ƐƵƉƉŽƌƚ ŵĂŬĞ ?ƚŽ ?ƐƚŽĐŬ ? ĂƐƐĞŵďůĞ ?ƚŽ ?ŽƌĚĞƌ ? ĂŶĚ ŵĂŬĞ ?ƚŽ ?ŽƌĚĞƌ
ĚĞĐŝƐŝŽŶƐŝŶƐĞŵŝĐŽŶĚƵĐƚŽƌƐƵƉƉůǇĐŚĂŝŶƐ ? ?WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞ ? ? ? ?tŝŶƚĞƌ^ŝŵƵůĂƚŝŽŶŽŶĨĞƌĞŶĐĞ ? 
'ĞŶŐEĂĂŶĚ:ŝĂŶŐŚŝďŝŶ ? ? ? ? ? ? ?ƌĞǀŝĞǁŽŶƐƚƌĂƚĞŐŝĐĐĂƉĂĐŝƚǇƉůĂŶŶŝŶŐĨŽƌƚŚĞƐĞŵŝĐŽŶĚƵĐƚŽƌŵĂŶƵĨĂĐƚƵƌŝŶŐŝŶĚƵƐƚƌǇ ? ?
/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ? ) P ? ? ? ? ? ? ? ? ? ? 
'ŽŶĕĂůǀĞƐ ? WĂƵůŽ ? :ŝŵ ,ŝŶĞƐ ? ĂŶĚ :ŽŚŶ ^ƚĞƌŵĂŶ ?  ? ? ? ? ?  ?dŚĞ ŝŵƉĂĐƚ ŽĨ ĞŶĚŽŐĞŶŽƵƐ ĚĞŵĂŶĚ ŽŶ ƉƵƐŚ WƉƵůů ƉƌŽĚƵĐƚŝŽŶ
ƐǇƐƚĞŵƐ ? ?^ǇƐƚĞŵĚǇŶĂŵŝĐƐƌĞǀŝĞǁ ? ? ? ? ) P ? ? ? ?     
'ƌƺŶǁĂůĚ ?,ĞƌďĞƌƚ: ?ĂŶĚ>ĞŽŶĂƌĚ&ŽƌƚƵŝŶ ? ? ? ? ? ? ?DĂŶǇƐƚĞƉƐƚŽǁĂƌĚƐǌĞƌŽŝŶǀĞŶƚŽƌǇ ? ?ƵƌŽƉĞĂŶ:ŽƵƌŶĂůŽĨKƉĞƌĂƚŝŽŶĂů
ZĞƐĞĂƌĐŚ ? ? ? ? ) P ? ? ? ? ? ? ? ? 
'ƵŶĂƐĞŬĂƌĂŶ ?ŶŐĂƉƉĂ ?ŚƌŝƐƚŽƉŚĞƌWĂƚĞů ?ĂŶĚZŽŶĂůĚDĐ'ĂƵŐŚĞǇ ? ? ? ? ? ? ?ĨƌĂŵĞǁŽƌŬĨŽƌƐƵƉƉůǇĐŚĂŝŶƉĞƌĨŽƌŵĂŶĐĞ
ŵĞĂƐƵƌĞŵĞŶƚ ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶĐŽŶŽŵŝĐƐ ? ? ? ? ) P ? ? ? ?     
,ĂƌƌŝƐŽŶ ? dĞƌƌǇ W ? ,ĂƵ > >ĞĞ ? ĂŶĚ :ŽŚŶ : EĞĂůĞ ?  ? ? ? ? ? dŚĞ ƉƌĂĐƚŝĐĞ ŽĨ ƐƵƉƉůǇ ĐŚĂŝŶ ŵĂŶĂŐĞŵĞŶƚ P ǁŚĞƌĞ ƚŚĞŽƌǇ ĂŶĚ
ĂƉƉůŝĐĂƚŝŽŶĐŽŶǀĞƌŐĞ ?EĞǁzŽƌŬ P^ƉƌŝŶŐĞƌ 
,ŽĨŵĂŶŶ ? ? ? ? ? ? ? ) ?ŝŐĚĂƚĂĂŶĚƐƵƉƉůǇĐŚĂŝŶĚĞĐŝƐŝŽŶƐ PƚŚĞŝŵƉĂĐƚŽĨǀŽůƵŵĞ ?ǀĂƌŝĞƚǇĂŶĚǀĞůŽĐŝƚǇƉƌŽƉĞƌƚŝĞƐŽŶƚŚĞ
ďƵůůǁŚŝƉĞĨĨĞĐƚ ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ? ? ) P ? ? ? ? ? ? ? ? ? ?
,Ƶƌ ?z ? ?ĂƌĚ ?: ?& ? ? ?ŚĂĐŽŶ ?Z ? ? ? ? ? ? ) ?,ŝĞƌĂƌĐŚǇŵĂĐŚŝŶĞƐĞƚ ?ƵƉĨŽƌŵƵůƚŝ ?ƉĂƐƐůŽƚƐĐŚĞĚƵůŝŶŐĂƚƐĞŵŝĐŽŶĚƵĐƚŽƌĂƐƐĞŵďůǇ
  ? ? 
 
ĂŶĚƚĞƐƚĨĂĐŝůŝƚŝĞƐ ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ? 
:ŽŚŶ ?^ŝŵŽŶ ?DŽŚĂŵĞĚDEĂŝŵ ?ĂŶĚĞŶŝƐZdŽǁŝůů ? ? ? ? ? ? ?ǇŶĂŵŝĐĂŶĂůǇƐŝƐŽĨĂt/WĐŽŵƉĞŶƐĂƚĞĚĚĞĐŝƐŝŽŶƐƵƉƉŽƌƚ
ƐǇƐƚĞŵ ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨDĂŶƵĨĂĐƚƵƌŝŶŐ^ǇƐƚĞŵĞƐŝŐŶ ? ? ? ) P ? ? ? ?     
<ĂƌĂďƵŬ ?^ƵůĞǇŵĂŶ ?ĂŶĚ^ ĂǀŝĚtƵ ?  ? ? ? ? ?  ?ŽŽƌĚŝŶĂƚŝŶŐ ƐƚƌĂƚĞ ŝĐ ĐĂƉĂĐŝƚǇƉůĂŶŶŝŶŐ ŝŶ ƚŚĞƐĞŵŝĐŽŶĚƵĐƚŽƌ ŝŶĚƵƐƚƌǇ ? ?
KƉĞƌĂƚŝŽŶƐZĞƐĞĂƌĐŚ ? ? ? ? ) P ? ? ? ? ? ? ? ? 
<ŝŵ ?:/ ?ĂŶĚ^,<ŝŵ ? ? ? ? ? ? ?WŽƐŝƚŝŽŶŝŶŐĂĚĞĐŽƵƉůŝŶŐƉŽŝŶƚŝŶĂƐĞŵŝĐŽŶĚƵĐƚŽƌƐƵƉƉůǇĐŚĂŝŶƵŶĚĞƌĚĞŵĂŶĚĂŶĚůĞĂĚƚŝŵĞ
ƵŶĐĞƌƚĂŝŶƚǇ ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨĚǀĂŶĐĞĚ>ŽŐŝƐƚŝĐƐ ? ? ? ) P ? ? ? ? ? ? 
<ŝŵ ?^ĞƵŶŐ ?,ǁĂŶ ?:ŽŚŶt&ŽǁůĞƌ ?ĂŶ>^ŚƵŶŬ ?ĂŶĚDŝĐŚĞůĞWĨƵŶĚ ? ? ? ? ? ? ?/ŵƉƌŽǀŝŶŐƚŚĞƉƵƐŚ WƉƵůůƐƚƌĂƚĞŐǇŝŶĂƐĞƌŝĂů
ƐƵƉƉůǇĐŚĂŝŶďǇĂŚǇďƌŝĚƉƵƐŚ WƉƵůůĐŽŶƚƌŽůǁŝƚŚŵƵůƚŝƉůĞƉƵůůŝŶŐƉŽŝŶƚƐ ? ? /ŶƚĞƌŶĂƚŝŽŶĂů :ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶ
ZĞƐĞĂƌĐŚ ? ? ? ? ? ) P ? ? ? ? ? ? ? ? ? ? 
>ĞĞ ?,ĂƵ> ?sĞŶŬĂƚĂWĂĚŵĂŶĂďŚĂŶ ?ĂŶĚ^ĞƵŶŐũŝŶtŚĂŶŐ ? ? ? ? ? ? /ŶĨŽƌŵĂƚŝŽŶĚŝƐƚŽƌƚŝŽŶŝŶĂƐƵƉƉůǇĐŚĂŝŶ PdŚĞďƵůůǁŚŝƉ
ĞĨĨĞĐƚ ? ?DĂŶĂŐĞŵĞŶƚ^ĐŝĞŶĐĞ ? ? ? ? ) P ? ? ? ?     
>ĞĞ ? zŽƵŶŐ ,ŽŽŶ ?  ? ? ? ? ?  ?^ƵƉƉůǇ ĐŚĂŝŶ ŵŽĚĞů ĨŽƌ ƚŚĞ ƐĞŵŝĐŽŶĚƵĐƚŽƌ ŝŶĚƵƐƚƌǇ ŽĨ ŐůŽďĂů ŵĂƌŬĞƚ ? ? :ŽƵƌŶĂů ŽĨ ^ǇƐƚĞŵƐ
/ŶƚĞŐƌĂƚŝŽŶ ? ? ? ? ) P ? ? ? ? ? ? ? ? 
>ĞĞ ?zŽƵŶŐ,ŽŽŶ ?^ƵŶŐƵŬŚƵŶŐ ?ǇƵŶŐũŝŶ>ĞĞ ?ĂŶĚ<ǇƵŶŐ,ǁĂŶ<ĂŶŐ ? ? ? ? ? ? ?^ƵƉƉůǇĐŚĂŝŶŵŽĚĞůĨŽƌƚŚĞƐĞŵŝĐŽŶĚƵĐƚŽƌ
ŝŶĚƵƐƚƌǇŝŶĐŽŶƐŝĚĞƌĂƚŝŽŶŽĨŵĂŶƵĨĂĐƚƵƌŝŶŐĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ ? ?WƌŽĚƵĐƚŝŽŶWůĂŶŶŝŶŐ ?ŽŶƚƌŽů ? ? ? ? ) P ? ? ? ?     
>ŝ ?Y ? ? ?ŝƐŶĞǇ ?^ ?D ? ? ? ? ? ? ) ?ZĞǀŝƐŝƚŝŶŐƌĞƐĐŚĞĚƵůŝŶŐ PDZWŶĞƌǀŽƵƐŶĞƐƐĂŶĚƚŚĞďƵůůǁŚŝƉĞĨĨĞĐƚ ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨ
WƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ? ) P ? ? ? ? ? ? ? ? ? ?
>ŝŶ ?  ? ? ĂŶĚ  ? < ? D ? >ĞĞ ?  ? ? ? ? ?Ā ZĞǀŝĞǁ ŽĨ ƚŚĞ ZĞƐĞĂƌĐŚ DĞƚŚŽĚŽůŽŐǇ ĨŽƌ ƚŚĞ ZĞ ?ĞŶƚƌĂŶƚ ^ĐŚĞĚƵůŝŶŐ WƌŽďůĞŵ ?ā
/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ) P ? ? ? ?̢ ? ? ? ? ? 
>ŝŶ ?:ƵŶǇŝ ?DŽŚĂŵĞĚDŽŚĂŵĞĚEĂŝŵ ?>ĂƵƌĂWƵƌǀŝƐ ?ĂŶĚ:ŽŶĂƚŚĂŶ'ŽƐůŝŶŐ ? ? ? ? ? ? ?dŚĞĞǆƚĞŶƐŝŽŶĂŶĚĞǆƉůŽŝƚĂƚŝŽŶŽĨƚŚĞ
ŝŶǀĞŶƚŽƌǇĂŶĚŽƌĚĞƌďĂƐĞĚƉƌŽĚƵĐƚŝŽŶĐŽŶƚƌŽůƐǇƐƚĞŵĂƌĐŚĞƚǇƉĞĨƌŽŵ ? ? ? ?ƚŽ ? ? ? ? ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨ
WƌŽĚƵĐƚŝŽŶĐŽŶŽŵŝĐƐ ?/ŶƉƌĞƐƐ ?ĚŽŝ PŚƚƚƉ P ? ?Ěǆ ?ĚŽŝ ?ŽƌŐ ? ? ? ? ? ? ? ? ?ũ ?ŝũƉĞ ? ? ? ? ?    ? ?    
>ŝŶ ?tĞŶ ?ũŝŶ ?Śŝ ?ďŝŶ:ŝĂŶŐ ?ĂŶĚ>ĞŝtĂŶŐ ? ? ? ? ? ? ?DŽĚĞůůŝŶŐĂŶĚĂŶĂůǇƐŝƐŽĨƚŚĞďƵůůǁŚŝƉĞĨĨĞĐƚǁŝƚŚĐƵƐƚŽŵĞƌƐ ?ďĂƵůŬŝŶŐ
ďĞŚĂǀŝŽƵƌƐĂŶĚƉƌŽĚƵĐƚŝŽŶĐĂƉĂĐŝƚǇĐŽŶƐƚƌĂŝŶƚ ? ?/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨWƌŽĚƵĐƚŝŽŶZĞƐĞĂƌĐŚ ? ? ? ? ? ) P ? ? ? ? ?      
DĂŶĂƌǇ ?DĂƚƚŚĞǁW ?ĂŶĚ^ĞĂŶWtŝůůĞŵƐ ?  ? ? ? ? ?  ?^ĞƚƚŝŶŐƐĂĨĞƚǇ ? ƚŽĐŬƚĂƌŐĞƚƐĂƚ /ŶƚĞů ŝŶ ƚŚĞƉƌĞƐĞŶĐĞŽĨ ĨŽƌĞĐĂƐƚďŝĂƐ ? ?
/ŶƚĞƌĨĂĐĞƐ ? ? ? ? ) P ? ? ? ?     
DƂŶĐŚ ? >ĂƌƐ ? :ŽŚŶ t ? &ŽǁůĞƌ ? ĂŶĚ ^ĐŽƚƚ : ? DĂƐŽŶ ?  ? ? ? ? ?WƌŽĚƵĐƚŝŽŶ WůĂŶŶŝŶŐ ĂŶĚ ŽŶƚƌŽů ĨŽƌ ^ĞŵŝĐŽŶĚƵĐƚŽƌ tĂĨĞƌ
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